We used enhanced piezo-response force microscopy (E-PFM) to investigate both ferroelastic and ferroelectric nanodomains in thin films of the simple multi-ferroic system PbZr 0.3 Ti 0.7 O 3 (PZT). We show how the grains are organized into a new type of elastic domain bundles of the well-known periodic elastic twins. Here we present these bundle domains and discuss their stability and origin. Moreover, we show that they can arrange in such a way as to release strain in a more effective way than simple twinning. Finally, we show that these bundle domains can arrange to form the macroscopic ferroelectric domains that constitute the basis of ferroelectric-based memory devices.
(Some figures in this article are in colour only in the electronic version) Ferroelectric materials are intensively researched at the nanometre scale due to their pervasive applications in many fields, including non-volatile memory devices [1, 2] . Most commercially used ferroelectrics also exhibit ferroelasticity, forming a simple multi-ferroic system with two characteristic types of domain (ferroelectric and ferroelastic). Despite its significance, ferroelasticity has not been extensively studied due to the lack of suitable experimental tools to image the two types of ferroic domains simultaneously. It is important to understand ferroelastic domain structure at the nm scale as it strongly influences the ferroelectric behaviour and hence the device properties [3] . Moreover, although most devices are based on polycrystalline materials, most studies in the field have been on single crystals, as they have a simpler ferroelastic arrangement. For instance, grains can impose geometrical constraints that affect the elastic nanodomains, which in turn are formed to minimize the electro-mechanical energy. In the case of single crystals, the dominant structure of the elastic nanodomains is polydomains, i.e. areas that are either a grid or a periodic striped structure of differently orientated crystallographic domains. These so-called ferroelastic domain 3 Authors to whom any correspondence should be addressed. structures usually arise to minimize the stress accumulated during the ferroelectric phase transition, e.g. in films that are clamped by a substrate. For instance, in the cubic to tetragonal phase transition, the film-substrate lattice mismatch cannot be efficiently compensated by the symmetric cubic structure. However, when the material transforms to the tetragonal phase, the film assumes a polytwin of a periodic structure of alternating (or a polydomain mesh of) a (regions where the electric polarization P is oriented in-plane) and c (regions where P is nominally oriented out-of-plane, or where P has an out-of-plane component) domains. In this way, the lattice mismatch is reduced. Therefore, it follows that variations in the stress (or substrate clamping) results in a variation in the periodicity of the polytwins. In particular, it has been shown that the relationship between the polytwin's periodicity (w ac ) and the local shear strain (G) is given by [4, 5] 
for single crystals, whereas in polycrystalline materials, the domain width decreases with the square root of the grain size [6, 7] .
Another way to express the contribution of polytwins to the strain is by taking into account the corrugation angle α they impose on the substrate due to the lattice constant difference between the a and c unit cells (sin(α) = where w a is the width of the a domain and c is the longest lattice parameter [8] ). To date, polytwins have mainly been studied by x-ray-and TEM-based techniques [5, 7] . Therefore, only regions next to the edge of a sample or free-standing films have been investigated locally (with TEM). However, in these cases strain is released differently than it is in an actual device, or in the centre of the material. Alternatively, the average arrangement of polytwins from all over the sample (not only near the edges) can be studied as well (with x-rays). Nonetheless, these studies cannot provide information about individual domains within polytwins at the local scale. Hence, any such studies are rather limited in their application at the nanoscale and scientific implication [5, 9] , raising the need for a different experimental approach. E-PFM [10] (enhanced piezo-response force microscopy) is a novel method based on conventional piezo-response force microscopy [11] , but utilizes the cantilever dynamics to enhance the image contrast in a manner analogous to atomic force acoustic microscopy [12] . This allows high resolution (up to ∼1 nm) mapping of ferroelectric and ferroelastic domains simultaneously with the topography. In E-PFM, the cantilever is driven near its in-contact resonance frequency via the inverse piezoelectric effect-a sinusoidal voltage is applied between the cantilever and the back electrode upon which the sample is deposited. The amplitude and phase of its oscillation are recorded, and in the E-PFM amplitude image, ferroelastic (e.g. 90
• ) domains typically appear as stripes of alternating contrast. On the other hand, ferroelectric (180
• ) domain walls appear as sharp and closed features, whereas the ferroelectric domains themselves are undetectable. In the phase image, both types of domain are observed, with ferroelectric domains displaying a greater contrast. This means that the ferroelastic domains appear in the amplitude image, whereas the ferroelectric domains appear in the phase image. Similarly to PFM, in E-PFM the deflection of the cantilever corresponds to the local d 33 of the material, whereas the torsion corresponds to d 31 , (d i j is the i j component of the piezoelectric tensor, using the Einstein notation). Since d 33 and d 31 correspond to the out-of-plane and in-plane polarization, respectively, one can obtain a 3D polarization map by recording the cantilever deflection and torsion simultaneously [13] [14] [15] .
We chose thin polycrystalline PZT films [10, 16] for this study as they encompass the following advantages: (i) PZT is the most common commercially used ferroelectric material; (ii) the high piezo-response of these films is favourable for E-PFM and (iii) relative to most other commercially used ferroelectrics, PZT has more crystallographic structures in the tetragonal phase, which are close together in energy, i.e. ferroelasticity is more pronounced.
Furthermore, the granularity of a polycrystalline material constitutes a convenient platform for exploring the influence of diverse boundary conditions.
Our results clearly show that the nanodomains within the PZT grains arrange into a polytwin structure. These striped polytwin structures are periodic a/c domains as determined from both the E-PFM and the AFM topographic images, as well as by scanning electron microscopy (SEM) as shown in figure 1 . Nevertheless, unlike in single crystals or epitaxial films, the stripes within each grain generally do not form longrange coherent structures. Rather, each grain splits into a few bundles of stripes. That is, distinguishable areas with different orientation or periodicity of the stripe domains, whereas the periodicity and orientation of the stripes within each bundle is generally constant (in agreement with previous results, e.g. [3] ). Since the local shear strain is directly associated with the orientation and periodicity of the polytwins, these bundles of polytwins constitute a somewhat richer stressreleasing mechanism than the relatively primitive coherent polytwin system, in which both the magnitude and orientation of the released strain are constant. Hence, the bundles can be referred to as meta-elastic domains, i.e. a higher level in the hierarchy of elastic domains. In fact, the division of individual grains into bundles of polytwins is reminiscent of the traditional splitting of grains into crystallographic domains that takes place to reduce the stress during a crystallographic phase transition [7] .
It has been known for some time that there is a direct relationship between the lateral grain size (and film thickness, and hence the aspect ratio of the grains) and the number of elastic domains a grain divides into [6, 7] . It is therefore reasonable to expect that bundles may behave in a similar way. Hence, we investigated the relationship between the stability of bundles and the grain size (normalized by the film thickness, in 190 and 60 nm thick films) by examining some 79 grains and looking at the distribution of bundles within those grains. Figure 2(a) shows how the number of bundles observed in each grain varies with the grain size normalized by the film thickness (in asymmetric grains, the shortest diameter was considered as the grain size). It can be seen from this analysis that the number of polytwins increases with the grain size, whereas grains with sizes smaller than the film thickness tend to form only a single bundle, equivalent to the behaviour of a single crystallographic phase (i.e. non-polytwinned) in small grains [7] . Moreover, it should be noted that our observations indicate the tendency of the polytwins to align with their stripes not parallel to the nearest grain boundary ( figure 2(b) ), a fact that is consistent with some recent independent studies [17] . This behaviour may explain why grains that are narrower than the film thickness usually assume a single-bundle structure, even if the grain has a large lateral aspect ratio (figure 2(c)).
At this stage, it is reasonable to assume that bundles are formed purely to release stress. Nonetheless, this leads to an inconsistency, as in simple multi-ferroic materials, the elastic domains are significant also for the electrostatic component of the free energy (they determine the orientation of the polarization). Consequently, when the elastic energy is minimized, the electrostatic free energy is not necessarily at its minimum, making the entire structure unstable. An example to clarify this point is the eminent 'head-to-tail' structure of the a/c domains. In such a structure, the charge of the domain wall is not neutralized [15] . Thus, although the elastic energy is not sensitive to 180
• polarization differences, it is the electrostatic part that makes the head-to-tail arrangement favourable in many cases. Therefore, one can deduce that the appearance of bundles arises not only to release elastic strain, but also to minimize the electric component of the free energy over a larger length scale. For instance, the grain in figures 3(a)-(c) hosts two adjacent perpendicular bundles, whereas the macroscopic polarization they form (i.e. the outof-plane polarization of the c-oriented stripes) is opposite, as can be seen in the phase images of figures 3(d)-(f).
Treating each bundle as an individual elastic domain, the interface between different bundles is, in fact, a domain wall. Thus, in general, the nature of bundle domains and the grounds for their formation can be studied from the bundle boundary. The five following examples present typical bundle arrangements we observed, whilst apart from the first one which is a classic arrangement of the bundles, to the best of our knowledge, the other four (which are less common) have not been reported yet. (1) The two perpendicular neighbouring bundles of figure 3 form an '· · · a 1 /c + /a 1 · · · a 2 /c − /a 2 · · ·' structure (a/a domains). Therefore, one can assume that this structure was originated to form a stable arrangement of outof-plane macroscopic ferroelectric domains of opposite polarity, while forming a 'head-to-tail' structure. That is, the electrostatics of this system are more significant than the mechanical considerations. (2) The next example is based on simultaneous imaging of the cantilever deflection and torsion, allowing 3D polarization mapping. Figure 4 shows that bundles can arrange to form in-plane macroscopic ferroelectric domains, i.e. '· · · a
, which inevitably form a 'head-to-head' structure in one of the two bundles. This is achieved by a displacement of the stripes throughout their long axis (along the boundary between the bundles, highlighted in figure 4) . Hence, one can assume that this structure originates due to changes in the strain along the stripes, which are more significant than the electrostatic contribution. (3) In the first two examples, the bundles themselves form the opposite polarity of either the out-of-plane or the in-plane macroscopic ferroelectric domains. The third example does not include a well-defined domain wall between adjacent bundle domains. Rather, it shows that two bundles can merge into one another, as shown in figure 5 . This structure forms rapid variations in the size and orientation of the a and c domains and therefore is most probably originated to accommodate large and rapid spatial variations in the stress field during the cubic to tetragonal phase transition. This can be a consequence of two independent bundles that nucleate from different points and are merged to release stress more efficiently than a single-bundle domain. That is, this arrangement is governed mainly by the elastic energy. When disregarding the existence of the bundles, the merging point is degenerated to a local 3D domain mesh (a 1 , a 2 and c domain arrangement). Indeed, it has been demonstrated that such a mesh structure is formed to efficiently reduce stress [18] . (4) Figure 6 shows a unique arrangement of bundles that, to the best of our knowledge, so far has neither been predicted nor observed. In this case, the stripes do not form the traditional a-a domain structure, in which the bundles' boundary is arranged in a zig-zag-like shape. Instead, the border between the two neighbouring bundles is instantaneous, so that the end of the periodic a/c stripes is perpendicular to an a or a c domain at its long axis. Therefore, this arrangement is unexpected, as the elastic energy in this case should be rather high due to the mismatch between the elastic domains. However, careful analysis of the phase image reveals that the macroscopic polarization in this case is also rather unique, as the polarization of the c domains is reversed within each bundle. Hence, it is reasonable to deduce that this structure is governed mainly by the electrostatic forces, which may be significant due to local charge accumulated in certain areas. This gives rise to the need for screening these charges with the assistance of the macroscopic polarization, which in turn is formed by the polarization reversal within the stripes and reduces the free energy even at the cost of high elastic energy. Nonetheless, one should bear in mind that AFM-based techniques generally only map the sample surface. Therefore, an alternative explanation based on a 3D arrangement of the elastic domains cannot be eliminated. (5) The last example demonstrates that bundles can act as mediators, so that small bundles are formed in highly charged/stressed areas to release strain as well as to spread the charge. This is exemplified in figure 7 , in which small bundles arrange at the edge of larger ones to allow a macroscopic out-of-plane ferroelectric domain reversal by constituting the building blocks of the macroscopic polarization. This unique structure clearly raises the need for bundle domains to be treated as an independent type of elastic domain. Furthermore, it should be noted that the fact that the bundles play such a significant role in forming the macroscopic ferroelectric domains (first and third examples) illustrates how significant they are for ferroelectric-based non-volatile memory devices, as well as for understanding ferroelectricity in general.
In summary, we used E-PFM to reveal a new type of elastic domain in simple multi-ferroic polycrystalline systems: bundles of periodic striped domains. We studied the bundles' stability with respect to film thickness and grain size and boundary, and we discussed the electro-mechanical origin and the role of the bundles, illustrated with experimental data. Based on experimental evidence, we demonstrated also how bundles can arrange to form macroscopic ferroelectric domains, which are the basis for ferroelectric non-volatile memory devices. Moreover, we specified five different bundle arrangements: (i) the classic 'head-to-tail' structure '· · · a 1 /c + /a 1 · · · a 2 /c − /a 2 · · ·' (a/a domains), which is a fundamental way for out-of-plane macroscopic ferroelectric domain reversal and is determined by the electrostatics;
arrangement that allows in-plane polarization reversal similar to the previous out-ofplane example. This structure is formed by a dislocation along the long axis of the bundle's stripes and is therefore more likely to be controlled by the elastic component of the free energy; (iii) merging bundles formed to release stress more efficiently (three crystallographic possibilities rather than two). This can originate from two bundles that nucleate at different points and merge to compensate larger local stress fields; (iv) abrupt boundary between two adjacent bundles-the edge of alternating a/c stripes of one bundle is perpendicular to a single stripe at the neighbouring bundle. This structure may be formed to screen excess charge within or around the bundles, at the cost of high elastic energy; and (v) mediator bundlesbundles that originate to compensate the large electrostatic and elastic energy accompanied by a single boundary between two neighbouring large bundles through the additional 'domain walls' that are introduced by the mediator bundles. This unique structure helps us to understand how bundles constitute a smart mechanism for macroscopic domain reversibility.
Hence, we revealed the existence of a smart domain mechanism that is a higher level of hierarchy than the standard a and c domains and a/c polytwins reported previously in PZT. We see no reason why these novel meta-elastic domains could not be found in other ferroelectric-ferroelastic materials. The most likely reason that these domains have not yet been observed in other materials is only because of the experimental difficulties connected with detecting them simultaneously with the polarization. Furthermore, we showed that this system is degenerated to the primitive macroscopic polarization (as observed in the E-PFM phase images). Hence, we believe that many of the previous studies in the field of ferroelectricity that used lower resolution techniques and treated areas with a common macroscopic polarization as a homogeneous ferroelectric domain are sometimes oversimplifying. Therefore we encourage reexamining them both experimentally and theoretically in the scope of this contribution.
